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INTRODUCTION AND SUMMARY

The major objective of this project is to develop a computer-aided approach to nonlinear
stability analysis and nonlinear control system design. This goal is to be obtained by
refining the describing function method as a synthesis tool for nonlinear control design.
This interim report outlines the approach by this study to meet these goals including an
introduction to the INteractive Controls Analysis (INCA) program which was instrumental
in meeting these study objectives. A single-input describing function (SIDF) design
methodology was developed in this study; coupled with the software constructed in this
study, the results of this project provide a compr;hensive tool for design and integration of

nonlinear control systems.

Report Qutline

The report consists of several sections in viewgraph format; a table of contents appears
throughout the report to separate the different sections. In the first section, an introduction
to the project is found; task information as well as a list of the project accomplishments,
including an example of INCA's new describing function capability, are given. Next, a
history of the INCA program is discussed as well as a brief explanation of its capabilities.
The following section details the implementation of the SIDF analysis capability into
INCA. The types of nonlinear devices modelled are described and a brief description of the
theory behind the describing function method is given. The consequent section details the
nonlinear control synthesis methodology for a flexible spacecraft; steps for developing the
compensation for a nonlinear control system with flexible modes are presented. This
methodology is used in the modelling of an actual flight-proven attitude control system,
INTELSAT 5; this spacecraft employs the pulse-width pulse-frequency (PWPF) modulator
which is one of the types of nonlinear controllers modelled in INCA. Five different types
of linear compensation are substituted for the actual compensation; the describing function

representation as well as the numerical simulation of each sample case is presented. The






next section details the plan for the second year of the contract; this phase of the contract
involves much of the same analysis as this past year except the emphasis will be on dual-
input describing functions. Outlines for possible INCA enhancements are then presented
followed by a summary and conclusion of this phase of the contract. The appendix
contains supplementary linear analyses of the INTELSAT 5 spacecraft control system

presented earlier in the report.

Summary

The presence of nonlinear devices in a linear system often inhibits linear analysis of that
system. Nonlinearities discussed in this report come in two forms: energy-storage and
non-energy storage type. Non-energy storage systems are often representations of
nonlinear effects which are inherent in the system such as deadzones, limiters, and Schmitt
Triggers. Describing functions of the energy-storage type include such devices as the
pulse-width pulse-frequency (PWPF) modulator, the derived-rate modulator, and the
pulse-width modulator. These types of nonlinear controllers are used to modulate the
reaction jets of spacecraft attitude control systems and are often referred to as pulse

modulators.

The describing function method is often used to predict structural-mode limit cycling which
may occur as a result of control systcm/stfuctural interaction. By plotting the describing
function of a nonlinearity with the corresponding frequency response plot, the designer can
obtain information about the stability of the system with respect to structural limit cycling.
For example, the intersection of the two curves indicates the possibility of a nonlinear
instability; the probability of limit cycle occurring is based on the type of input to the
system. It is important to note that for energy-storage type nonlinearities, the frequency of
the intersection point must be the same on both curves. If there is no intersection between

the curves, approximate phase and gain margins can be defined depending on the relative






locations of the two arcs. The concept of nonlinear stability margins is important in

nonlinear control design methodology.

The describing function capabilities described in this report have been implemented in the INCA
program. INCA is the result of a software development effort out of NASA Goddard Space
Flight Center. Using INCA, the designer can execute linear controls analysis in a menu-driven,
interactive graphics environment; root locus, frequency response, or time response analyses can
be performed. Furthermore, with the use of a high-resolution graphics terminal, a user can
query the program for information about the curves, or display multiple plots in a window
environment. Using the modified version of INCA, the controls designer can view describing
function curves as well as examine the linear/nonlinear interaction in the Nyquist or Nichols
format for possible limit cycling. Also, INCA's graphics interface facilitates the use of the

classical gain/phase stabilization concept in nonlinear control synthesis.

The development of nonlinear control synthesis methodology, especially for the design of on-off
controller for flexible spacecraft, is perhaps the most important contribution of this project. The
developed SIDF software was used to demonstrate the practicality of the developed nonlinear
control synthesis methodology. This procedure was used to compare various linear

compensators of the INTELSAT 5 yaw-axis RCS controller.

Step #1: Rigid Body Compensation - The type of compensation for the rigid body
depends on the performance specifications. This compensation selects the system bandwidth,
which is related to the rigid body settling time; in general, a lead-lag filter is used where direct-
rate feedback is not possible. The pole and zero locations (i.e., the lead/lag time constant ratio)
should be one order of magnitude apart so that the filter does not increase the high frequency gain

too much.






Step #2: Pulse Modulator Synthesis - If this item is not fixed as a result of spacecraft
design, thought must be given to the original configuration of the modulator. Certain factors
which must be considered in the design such as ease of hardware implementation, stabilization
requirements of flexible modes, limitations of the reaction control system (i.e. - thruster
combinations, thrust level). Another consideration is how closely can the nonlinear controller be
approximated as a linear element. For example, it is difficult to tell by looking at the parameters
of the PWPF modulator, what its gain and phase characteristics are. Without this knowledge, it
is difficult for the designer to correlate linear analysis with nonlinear simulation if the modulator
is assumed to have gain of one and zero-degree phase change. This information can be arrived at

through describing function analysis of the nonlinearity.

Step #3: Linear Analysis - Linear Analysis methods such as root locus and frequency
response will enable the control designer to investigate the stability of the higher-order flexible
modes. Higher-order compensation may be necessary, in addition to the rigid-body controller,

to compensate for unstable modes.

Step #4: Describing Function Analysis - Information about the nonlinearity, as
approximated in a linear sense, can be obtained through the describing function method. By
viewing the inverse of the describing function, -1/N(X,), and the linear plant, G(jw), in the
frequency domain, information can be obtained about nonlinear stability. For example, if the
curves intersect, then a high probability for a limit cycle exists; whether or not one occurs
depends on the type of input into the system as well as other factors. If there is no intersection
between the curves, approximate phase and gain margins can be defined depending on the
relative locations of the two arcs. It is important to remember that for energy-storage type

nonlinearities, the frequency of the intersection point must be the same on both curves.






Step #5: Nonlinear Simulation - The results in step #4 can be verified by a nonlinear
simulation, a capability not yet implemented within INCA but which can be accomplished
through an independent external program. The appearance of a limit cycle can be verified in this
manner; so can the approximate nonlinear stability margins. Delaying the signal a fixed number
of cycles throughout the simulation is a simple way of introducing phase lag into the system.

The phase lag, ¢, follows the relation ¢ = 57.3 @T, where o (rad/sec) is the frequency of the
point of the linear plant close to the describing function and T (sec) is the time delay. By
varying the time delay, the designer can often induce a limit cycle; the smallest value of ¢ which
causes a limit cycle can be interpreted as the nonlinear phase margin. A similar procedure

can be followed for the nonlinear gain margin.

Step #6: Linear Analysis Iteration - If the designer is not satisfied with nonlinear
stability margins or the possibility of limit cycling, the process can be repeated from step #3
by altering or adding to the linear compensation. If possible, the controller itself can be

modified to further decrease the probability of a limit cycle.

The nonlinear simulation presented in this paper was performed external to INCA. A major
recommendation of this study is the inclusion of a nonlinear simulation capability within
INCA. In that way, describing function and nonlinear simulation analyses, both integral
parts of the nonlinear control synthesis methodology, can be combined in the same

software.

A detailed report, which covers these topics in specific detail, is currently under preparation

and will be available late this year.
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